Flaky graphene oxide was activated with divinylsulfone followed by immobilization of the -galactosidase enzyme. An active and stable preparation was obtained. -galactosidase stability after immobilization was much higher than with the native enzyme. The half-life time of the immobilized enzyme was estimated as 165 hours, while for the native form, the estimate was only 5 hours. The developed procedure for the preparation of fl aked graphene and its use in the chemical immobilization of enzymes can be used for any enzyme. A processing solution for continuous operation was proposed and verifi ed using cow's milk, with lactose as the hydrolysed substrate, as a dosing stream. Lactose, a milk sugar, was effectively hydrolysed. Product for allergy sufferers who cannot digest lactose has been obtained in this way.
INTRODUCTION
Graphene is made up of a single layer of tightly packed carbon atoms that form a two-dimensional (2D) hexagonal plane, resembling a honeycomb structure. It is characterized as a fl at structure composed of sp2 carbon atoms, while the carbon-carbon bond length is approximately 0.142 nm 1 . Graphene is a light and very thin material with a specifi c density of 0.77 mg/m 2 and a thickness of 0.35 nm. Nevertheless, the structure of graphene is quite stable due to the bonds that occur between carbon atoms 1 . Despite the fact that graphene is the basic building block of various carbon forms, it was fi rst produced in 2004, which is 440 years after the invention of graphite, by breaking off a single layer of graphene from graphite using adhesive tape and a pencil 2 . Over the past few years, various graphene methods have been developed, such as 3 micromechanical peeling (micromechanical exfoliation), chemical vapor deposition (chemical epitaxy with CVD deposition), epitaxial growth, and chemical synthesis from graphite.
The chemical method of graphene production involves the preliminary oxidation of graphite to graphite oxide, followed by the mechanical or thermal exfoliation of graphite oxide to graphene oxide sheets. To obtain pure graphene, a chemical reduction is carried out, during which functional groups are removed 3 . In Fig. 1 , basic structures of graphene and graphene oxide (GO) are presented.
Graphene oxide (GO) is characterized by an unusually large surface area. It has two available sides on which there are oxygen-rich functional groups, such as hydroxyl and epoxide, which are embedded on the inner part of the material, and carboxylic and carbonyl groups arranged on its edges. These groups ensure high solubility of this material in water, and this property has promise for many applications 4 . Due to their unique chemical and physical properties, (nano)materials based on graphene and GO have been used in many fi elds, such as quantum physics, nanoelectronics, catalysis, biomaterials and drug delivery. These materials have been used to create functionalized biosystems integrated with nucleic acids, peptides, proteins (including enzymes) and cells
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. Immobilization of enzymes on the surface of graphene oxide (GO) may occur through 5 physical adsorption; i.e., non-covalent binding by weak interactions between the carrier and the immobilized enzyme, or chemical adsorption, which is due to covalent binding using a cross-linking agent or also by activation of functional groups located on the GO surface.
Graphene oxide sheets have a large specifi c surface area and have many functional groups, which proves that this material is an ideal substrate for immobilizing enzymes. It has been shown that immobilization of enzymes on GO sheets can take place without the use of cross-linking reagents or additional surface modifi cation. Binding of enzyme molecules to GO occurs mainly through electrostatic interactions 5 . Thanks to these interactions, among others, effective immobilization of horseradish peroxidase (HRP) and lysozymes 6 and catalase 7 was carried out. β-galactosidase was bound also by chemical bonds 8 when graphene sheets were functionalized by a glutaraldehyde solution. One arm of glutaraldehyde binds to the -NH2 group of cysteamine through the -CHO group, while the other arm remain available for interaction with enzymes via lysine residues. After this immobilization, an increase in the thermal stability of the immobilized enzyme was noted. The immobilized β-galactosidase showed excellent suitability for reuse with more than 92% enzyme activity after 10 reuses 8 . The aim of this work was activation of graphene oxide with divinylsulfone for further chemical immobilization of the selected enzyme; i.e., β-galactosidase. Divinylsulfone is one of several bifunctional agents that has been applied often in protein immobilization 9, 10 mainly because of its stability in water, high yields under mild operational conditions, and stability of the bond between proteins and the support. In addition, no particular byproducts are generated during activation. Divinylsulfone is able to activate mainly alcoholic (-OH ) groups of the carrier. Cysteine -SH groups are then the principal residues involved in protein coupling 11 . A procedure for immobilization on graphene fl akes has been developed. Due to diffi culties in separating graphene fl akes, the immobilization process had to be modifi ed in relation to standard procedures 12 . The efficiency of enzyme binding and the activity and stability of the preparation under a processing condition were tested. A processing solution for continuous operation is proposed.
MATERIALS AND METHODS

Graphene oxide activation via divinylsulfone
Graphene oxide (GO in H 2 O) was obtained from the Graphene Laboratory of the Center of Advanced Studies Warsaw University of Technology (Poland). GO was washed twice with distilled water and centrifuged each time using a Universal 320 R centrifuge (Germany) at 10,000 RPM for 30 min followed by removal of the supernatant. Next, 10% v/v divinylsulfone (Sigma) was added to the graphene fl akes, and the activation procedure was performed according to the scheme presented in Fig. 2 . Horizontal shaking with an SM 30 (E. Buhler, Germany) was used.
Enzyme immobilization
The procedure for enzyme immobilization is presented in Fig. 3 . β-galactosidase from Kluyveromyces lactic solution (Sigma, G3665) was diluted 20-times with 0.4 M carbonate buffer, pH 8.0, and added to dry graphene fl akes. The ratio of the enzymatic solution to graphene was 10 mL to 20 mg.
The immobilization procedure was carried out at 3 o C for 3 hours in a shaking (120 RPM) fl ask. Then, centrifu- ). The measurements were made in solutions before and after immobilization and also in the fi rst wash solution.
Activity of immobilized enzymes
Enzymatic activity was checked in the hydrolysis reaction of lactose. The procedure is presented in detail in Fig. 4 . Graphene fl akes with immobilized enzymes were centrifuged before the reaction, and the supernatant was replaced with lactose solution prepared with 0.05 M Tris-HCl buffer, pH 6.6. The reaction was carried out in a thermostated stirring tank reactor using a Julabo Lab Circulator (model F12-MA, Germany), electromagnetic stirrer (model ES24, Wigo, Poland) and double-wall glass reactor with water circulation inside the walls. The pseudo-concentration of the enzyme in the reaction was 0.883 ± 0.007 g/L.
The reaction with the native enzyme was performed in the range of concentrations 0.15-0.94 g/L. The reaction was carried out in a thermostated (37 o C) stirring tank reactor at an initial lactose concentration equal to 1 g/L.
The changes in reducing sugar concentrations were monitored across time with a DNS procedure 13 . Samples of 0.6 mL were taken from the reactor and centrifuged for 15 minutes at 10,000 RPM, and new portions of substrate solution were added to the reactor. This procedure was considered during the reaction rate calculation.
The DNS test for each sample was prepared twice, taking 0. calculated based on the data obtained until α = 0.1. The process with the native enzyme was carried out for 12 h with new portion dosing every several dozen minutes, while the process with the immobilized enzyme was carried out for 10 days with new substrate portion dosing every 24 hours.
Experiment with continuous processing
A total of 20.17 g of graphene fl akes with 8.27 g of immobilized β-galactosidase was suspended in 0.05 M Tris-HCl buffer, pH 6.6, and transferred to dialysis membrane tubing (Spectrum™ Spectra/Por™ 3 RC, Fisher Scientifi c, Sweden). This tubing was mounted in the reactor at 5 cm above the agitator blades (Fig. 5) . 
Stability of immobilized enzymes
Enzyme stability was tested under processing conditions (37 o C, 0.05 M Tris-HCl buffer, pH 6.6). A new substrate portion was added to obtain a fi nal concentration in the bioreactor equal to 1 g/L, and substrate hydrolysis was monitored with a DNS test. The initial rate reaction was Cow's milk (2% fat, Laciate, Poland) was diluted 10 times with 0.05 M Tris-HCl buffer, pH 6.6. After dilution, the lactose concentration was 4.6520 g/L. Using a Masterfl ex L/S Economy Variable Speed Drive Pump (Cole-Parmer, USA), this medium was dosed to the thermostated (37 o C) reactor tank. The volume of liquid in the reactor was 1 litre. Initially, the dosed stream was 71.4 mL/h in order to obtain a residence time equal to 14 h. Every 24 hours, this stream was changed to within the range 71.4-31.5 mL/h. The stream at the same value was pumped out from the reactor using a Masterfl ex L/S Economy Variable Speed Drive Pump (Cole-Parmer, USA).
The process was carried out within 206 hours. The lactose concentration was monitored across time.
RESULTS
Effi ciency of the immobilization process
Research on the amount of enzyme subjected to immobilization allowed obtaining a very high process effi ciency (98.1-99.4%). The commercial product (Sigma, G3665) diluted 20-fold was used, which corresponded to a protein concentration in the sample of 0.888 ±0.007 g/L. A total of 10 mL of this solution was added to 20 mg of dry activated graphene. After the immobilization process, the enzyme surface concentration was in the range of 0.4115 ± 0.0035 g/g of carrier. Compared with results for other carriers 14, 15 the results in this study were quite satisfactory.
Activity of immobilized enzymes
Enzyme activity was tested at 37 o C, which was the optimal temperature for this enzyme 16 . The pH was adjusted to that of cow's milk (6.6) because the process of lactose hydrolysis very often pertains milk, among other substances, in order to obtain lactose-free products.
The immobilized enzyme activity was compared to the native enzyme activity. Fig. 6 presents data obtained for native enzymes in the range 0.15-0.94 g/L. The reaction was carried out at an initial lactose concentration equal to 1 g/L.
Assuming that the inactivation process takes place according to fi rst order kinetics, the inactivation constant was estimated using the value 0.1314 1/h. The relative error for this value is 10.3%. Using this value as a constant, the half-life was calculated as 5 h. Based with these data, the stability of the immobilized enzymes was much higher. The activity of obtained preparations was monitored for 10 days. The average values obtained for three different preparations are presented in Fig. 8 . The fi rst-order inactivation constant with a relative error of 6.46% was estimated as 0.0042 1/h. Thus, the half--life was calculated as 165 h. This value indicates the high profi tability of using the immobilized preparation. Under the same processing conditions (lactose concentration 1 g/L, 37 o C, pH = 6.6), the average value (based on 6 independent reactions) of the initial reaction rate obtained with the immobilized enzyme was calculated to be 0.000483 ± 0.000061 g/(L . Min.). The enzyme mass fed to the reaction in relation to the whole reaction volume was 0.883 ± 0.007 g/L. This means that the enzymatic activity after immobilization was lower (58% of the expected value). It was determined that under higher turbulence (220 RPM vs. 120 RPM), the reaction rate was the same; therefore, it could be assumed that in stirred tank reactor diffusive resistances do not signifi cantly infl uence the processing rate. Thus the loss of enzyme activity was probably caused by immobilization procedure carried out for 3h at pH 8.0, 3 o C.
Enzyme stability
The enzyme in native form has relatively low stability. In Fig. 7 , the average values from three different reactors are presented.
Experiment of continuous processing
High packing of the enzyme on the carrier, relatively high activity and, above all, very high activity in comparison to that of the stable native enzyme indicated high application potential of the obtained preparation. The greatest disadvantage is the diffi culty with separation. Due to the size of the graphene fl akes and their density, the standard process in a packed column
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is not a suitable solution. Additionally, the membrane process with recirculation of fl akes (as it is the case of classical processes with biomass recirculation 19, 20 is not recommended due to the risk of mechanical destruction of the preparation. Therefore, a solution similar to the so-called submerged membrane 21 was proposed. An appropriately selected mass of graphene fl akes containing chemically bonded enzymes was suspended in dialysis membrane tubing (Spectrum™ Spectra/Por™ 3 RC, Fisher Scientifi c). The membrane cut off was set at 3.5 kDa, which allows free diffusion of lactose but restricts passage into the tube of proteins found in milk that could absorb on graphene.
It has been assumed that the milk is fed into the reactor after partial recovery of lactose (e.g., in the nanofi ltration process 22 . The lactose concentration in the dosing stream is approximately 10 times lower than in raw milk, which means that it is equal to app. Therefore, when introducing 20 g of graphene fl akes with 8.2 g of immobilized β-galactosidase into 1 litre of reaction volume, the residence time is estimated to be 14 hours. Because in the proposed process solution it is impossible to add a new enzyme portion during the processing run without enzyme inactivation, it was assumed that this time would be extended gradually. The obtained results are presented in Table 1 . The residence time was extended every 24 hours.
The developed immobilization method for graphene oxide fl akes and the process solution for continuous processing can be applied to immobilization of any enzyme or biomolecule. During the fi rst 152 hours, the system was stable, and the lactose concentration in the leaving stream was consistent with the assumed one. After this time, larger, but still acceptable, discrepancies in values were obtained. This level of accuracy means that the inactivation constant was well estimated, that the enzyme stability in milk was the same as in 0.5 M Tris-HCl buffer, pH 6.6, and that the continuous processing was suitable. No diffusive resistances occurred if the graphene fl akes were not directly mixed.
CONCLUSION
β-galactosidase was the fi rst enzyme immobilized via divinylsulfone on graphene oxide fl akes. The immobilization procedure, due to diffi culties in separating the carrier, was quite arduous. However, the preparation produced very high stability compared to the stability of the native enzyme.
A processing solution for a continuous process was proposed. Placing the carrier with the catalyst in dialysis membrane tubing allowed avoidance of problems relating to the separation of the carrier and problems with resistance of fl ow through a compacted bed.
As shown by the results of the research, a membrane with a cut off of 3.5 kDa allowed free diffusion of the substrate, and in the case of the lactose hydrolysis reaction, no diffusion resistance affected the speed of the process.
